In wet climates, leachate formation is inevitable and continues over a long period. However, in arid climates, evaporation considerably exceeds precipitation so that the source of leachate is mainly limited to the water derived from the waste in the landfill. This also implies that leachate generation will eventually cease, and that the waste inside the landfill will gradually dry out. However, to date, this has not been shown quantitatively. In this study, a simple water balance model was created and applied to estimate the time period for which leachate was generated using meteorological data obtained in an arid climate. Several meteorological stations located in arid climates were selected according to the Köppen-Geiger climate classification (in Iran, USA, and Australia), and their climate data from 2000-2013 were used in the model. The configuration of a small trench that exists in landfills in Iran was taken as the landfill form in each location. The results showed that leachate was generated only for the period in which municipal solid waste (MSW) was disposed of because most of the source of leachate was formed by the moisture derived from the waste, and the greater part of the precipitation was consumed by evaporation. Almost no leachate was generated after the end of the disposal operation. This scenario applied for all of the modeled regions. The quantity of water inside the landfill was also calculated. The results from all locations indicated that the quantity of water in the landfill started to decrease after the completion of the waste disposal operation, which implies that the waste inside the landfill will subsequently dry out.
INTRODUCTION
The technology of landfills has developed mainly in developed countries in wet climates. Generation of leachate is inevitable in such regions, and continues almost indefinitely. Therefore, prediction of the characteristics of leachate generation and its treatment are crucial. In arid climates, however, evaporation exceeds precipitation. Therefore, the net water balance is negative throughout the year, as calculated using a water budget calculation 1) . Thus, there is considerably less generation of leachate than in wet climates. Based on this fact, Blight pointed out that landfills in arid climates can be exempted from requiring leachate collection systems 1) , leachate treatment facilities, and even bottom liners. For example, laws that exempt small-scale landfills in arid climates from seepage control measures, groundwater monitoring, etc., exist in Texas in the USA 2) . Such exemptions are reasonably applied to "small-scale landfills" in arid climates in developed countries.
In recent years, the amount of Municipal Solid Waste (MSW) has been increasing due to rapid growth in population and urbanization in many megacities in developing countries located in arid/semi-arid climates. These megacities still rely on landfills as the main means of waste management. For example, in Iran, about 90% of the country is classified as an arid/semi-arid climate and at least 80% of the total generated waste is disposed of into Kahrizak Landfill in Tehran 3) . In addition, many landfills in the country do not have bottom-lining or leachate collection systems. Furthermore, most of the landfills are not equipped with leachate treatment facilities. These landfills are large, and generation of leachate has been identified in most even under arid climate conditions. At present, the generated leachate is stored in a leachate pond for removal by evaporation. The amount of leachate is sizable, depending on the landfill. Therefore, it has become a topic of considerable debate whether installation of sophisticated leachate treatment facilities is necessary because it is unclear if the current measures of relying on evaporation are satisfactory in the long-term.
Al-Yaqout reported that the leachate is derived mainly from water from waste with high water content 4) . The water content of the landfill waste in Iran is reported to be high, and according to Safari, exceeds 40% 5) . Other studies have reported much higher water content 6) . Mahvi and Roodbari reported water contents as high as 65% 7) . If the leachate currently being generated is derived from waste, then clearly there will be no leachate generation after the excessive moisture dries up. Therefore, if the water budget is constantly negative, the moisture derived from the landfill waste will at some point fall below the water-holding capacity of the waste and there will ultimately be no leachate generation. However, this fact has yet to be confirmed by scientific studies. Thus, the following questions were addressed in our study: ・ How long does leachate continue to be generated in landfills in arid climates in which the water budget is always negative? ・ Will the moisture inside the landfill continue to decrease so that the landfill waste ultimately dries up? The above questions are key for the decision making process on the construction of leachate treatment facilities, etc. because information on the appropriate period of operation is crucial. However, to date, there have been no quantitative forecasts of the long-term time series of leachate generation in landfills in arid climates with negative net water balance. In this study, we estimated the period for which leachate is generated using a water balance model and meteorological data from regions of arid climate.
METHODOLOGY
To estimate the long-term leachate generation, we used the Macro Water Balance Model with Time-Lag Constant (MWBMTLC) developed by Tanaka et al. [8] [9] [10] We modified the original model to consider the moisture derived from the waste. To confirm the accuracy of the model, it was applied to a landfill for which the time series of the actual leachate generation were known. Subsequently, climate data sets were obtained from meteorological stations located in arid/semi-arid climates, and calculations of leachate generation were performed. Unfortunately, because it proved difficult to obtain actual data on leachate generation from landfills in arid climates in developing countries, questionnaire surveys were conducted for several landfills in such locations in developed country to confirm the predicted results.
(1) Macro Water-Balance Model with Time-lag Constant and its modification
Method on predicting quantity of leachate formation is roughly classified into three methods. 1) the first one uses rational formula in which the quantity of leachate is calculated as the percentage of precipitation. 2) the second one is the water balance model (WBM) in which landfill is assumed to be one simple box or divided into some sections and the water balance is calculated simply. 3) the third one is more sophisticated model such as the US-EPA's HELP model in which the water movement in landfill is calculated more in detail 11) . Among them, due to the simplicity of the model structure and the minimal site specific input data requirements, WBM has been introduced as the basic approach of leachate prediction in many technical books and official guidance documents [12] [13] [14] [15] , many models were developed and has been provided such as by US-EPA [16] [17] , and there are many applications of the WBM to the real sites [18] [19] [20] [21] [22] [23] . With regard to the MWBMTLC used in this study, it was employed as the procedure of leachate production in the guidance documents of the landfill design, which was published by Japan Ministry of Health and Welfare 24) . Up to now, the model was applied in many landfill design and was used also for evaluation of landfill performance.
In the MWBMTLC used in this study, the landfill was divided into three vertical sections: I) at the surface boundary, II) the thin surface layer, and III) the remaining section (Fig. 1) . In the figure, parameters with superscript (i) are variables calculated on a daily basis (i.e. i indicates i-th day). Constants are 
For section II, potential evaporation (E p i : [mm/day]) was calculated using the Penman method 25) using temperature, wind speed, humidity, and sunshine hours from the meteorological data sets. Penman equation is expressed as follows; 
A daily water balance calculation was performed using surface infiltration, evaporation, and moisture 
Finally, the leachate generation from the bottom (Q i : [mm/day]) was calculated using a time-lag constant (R: [day] ) that takes into account the time necessary for the leachate to pass through the landfill as follows. 
Equation (7) was derived from the concept of tank model and equation of continuity. Its detail was reported by Tanaka et al. [8] [9] [10] (2) Validation of the model Before conducting any predictions of leachate generation in landfills in arid regions, the validity of the model should be confirmed. However, it was difficult to obtain actual data on time series of leachate generation because the quantity of leachate has not been measured in landfills in developing countries such as Iran. Therefore, in this study, time-series data sets on leachate generation obtained in a study conducted in 1997, were used for validation. Tojo 26) collected 55 datasets on actual leachate generation measured in landfills in Japan by conducting questionnaire surveys. However, it was reported that many of these landfills were not suitable for analysis because the fluctuations in the quantity of leachate did not correspond to the climate data due to differences in landfills where the measurements were carried out. In some landfills the quantity of influent to or effluent from the treatment plant that was regulated to remain constant was measured, some land-fills adopted internal storage of leachate, etc. The variation in leachate generation corresponded to the climate data in only one landfill (Landfill-FK in Fukuoka prefecture). Thus, in this study, we used the time series of leachate generation measured from 1996 to 1997 in Landfill-FK. To perform the calculation, climate data sets observed at a nearby meteorological station in the same period were obtained from the AMeDAS (Automated Meteorological Data Acquisition System) web site.
(3) Acquisition of climate data in arid climate regions
Köppen-Geiger 27) classified arid climates into four climate classes; BWh, BWk, BSh and BSk, as indicated in Table 1 where B stands for "arid", W and S stand for "desert" and "steppe", respectively, and h and k indicate that the average annual temperature exceeds or falls below 18°C, respectively. Based on this classification, target locations for the calculation were selected from Iran, the USA, and Australia. Climate data sets were obtained from the Global Surface Summary of Day (GSOD) and Global Historical Climatology Network-Daily (GHCN-D) from the National Ocean and Atmospheric Administration (NOAA) National Climate Data Center (NCDC). Additional data were acquired from meteorological organizations in each country, if necessary.
To estimate long-term trends in leachate generation, we attempted to obtain climate data from 2000-2013. However, there were data gaps for many meteorological stations. Since the climate datasets were fundamental for our prediction, we sought meteorological stations with more complete data sets. As a result, climate data sets from 2000-2013 were obtained from 18 stations, as listed in Table 2. (4) Analysis of the utilization of monthly sunshine hours instead of daily sunshine hours for calculating potential evaporation
As described above, in the MWBMTLC, potential evaporation (E p i [mm/day]) is calculated using the Penman method 25) . In this method, the value of net solar radiation at the earth's surface (R n [cal/(cm 2 ·day)] is required. Penman expressed R n using the following equation: However, n was not recorded at most of the selected meteorological stations, only temporarily at several stations in the USA. Instead of n, monthly data on sunshine hours were available for many stations. Hence, in this study, the use of monthly data for the Penman equation was considered. However, the influence on the results should be evaluated for this alternative method. To confirm the applicability of the method, the following procedure was performed. First, meteorological stations for which daily sunshine hours were recorded were searched for. Subsequently, since daily data for a specific period were available for four stations in the USA, monthly data on sunshine hours were also obtained for the same period from these stations, as indicated in Table 3 . Each value of monthly sunshine hours was divided by the number of days in the month and converted into daily data. At this point, we were left with two kinds of daily sunshine hour values; namely, original daily data, and daily data derived from monthly data. Using these two data sets, the potential evaporation was calculated and the results were compared. The original data were used for the other parameters required for the Penman method.
(5) Prediction of leachate generation for locations in arid climates
To predict long-term leachate generation, calculations were performed using the MWBMTLC for all the selected locations indicated in Table 2 . The calculation period was determined as the fiscal year 2000/4/1-2013/3/31.
For the landfill specifications, we assumed one small landfill using the trench data of a landfill actually existed in Mashhad, Iran 6) . The size of the landfill was taken as: 360 m in length, 200 m in width, and 8 m in depth (Fig. 2) . During two years of operation, the trench was filled by 697,708 ton of MSW. Hence, the daily amount of landfilled waste and volume can be set to 956 t/day and 789 m 3 /day, respectively. Based on the survey data in Iran 6) , the gravimetric moisture content (ω [-]) of the landfilled waste was set to 0.7. As for the porosity (ε), and field capacity (FC) of the waste layer in the landfill, there was no measurement conducted at the referred site and the authors couldn't find any useful information regarding them in developing countries. Therefore, data reported by other researchers in the past on the MSW was used. Table 4 and 5 show porosity (ε) and field capacity (FC) reported by several researchers. Based on the information indicated in Table 4 and 5, the default value of porosity (ε), and field capacity (FC) of the waste layer in the landfill were set as indicated in Figure 2 . Since the operation period of waste disposal was determined as 2 years, water brought by solid waste was limited to this period. Considering the current actual conditions in Iran and other developing countries, it was assumed that there was no application of soil cover. Thus, we set a high value of surface infiltration capacity (K s =200 mm/day) for which most precipitation penetrates the surface and surface runoff seldom forms. Time lag constant (R [day]) was set to 5. R is a parameter that reflects the necessary day for the percolating water (Q m i ), which is calculated as the excess water from water balance calculation, until it gets out from the landfill. This percolating water is obtained as a result of the water balance calculation, and the condition of the waste layer doesn't take part in the movement after that. This is the feature of WBM. If the purpose is to reproduce daily fluctuation of leachate generated, the setting of R is important. However, since the purpose of this research is to examine the influence of the long-term negative water budget due to the relationship between the evaporation and the rainfall on the overall leachate generation trend, R is not an important parameter. If much larger R is used such as about one year, leachate generation will be delayed according to the R, and such an expression is possible in any way. In this study, similar value of R to the past study was applied because several days was suitable for R in the past study which examined leachate generation of real landfill sites in Japan 24, 26, [33] [34] .
(6) Questionnaire survey to confirm the results predicted by the model
The purpose of this study was to identify the duration of leachate generation and long-term drying process of waste in landfills in arid climates, in general terms rather than for specific landfill sites. Therefore, we assumed the specifications of the landfill for the calculation because actual data on leachate generation were difficult to obtain because of the lack of data in developing countries. However, confirmation of the results obtained by the calculation is crucial. To confirm the reliability of the results, a questionnaire survey was conducted. Since, a 28) 0.455 to 0.555 Olivier and Gourc 29) 0.48 and 0.51 Stoltz and Gourc 30) 0.45 and 0.62 
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high rate of response cannot be expected in developing countries, the questionnaire was sent to the 101 landfills existing in arid regions in the USA. Table 6 shows the number of landfill sites to which questionnaires were sent. The contents of the questionnaire are shown in Table 7 . Since a high response rate was needed, the questions were simplified.
RESULTS AND DISCUSSION
(1) Results of model validation Figure 3 shows the cumulative leachate generation measured at a real site (Landfill-FK), and the results calculated by the MWBMTLC. Daily precipitation is also indicated. As shown in the figure, leachate generation responds well to daily precipitation. In the model, the surface infiltration capacity (K s ), porosity (ε), field capacity (FC) and time-lag constant (R) were set to 88 [mm/h], 0.6 [-], 0.3 [-] , and 5 [day], respectively. These parameters are clearly important because they have a significant influence on the calculation results. The parameters used in the calculation were within the range of those reported in past studies 12, 18, 26, [28] [29] [30] [31] [32] [33] . The calculated cumulative leachate generation agreed well with actual values, as indicated in the figure. It was important in this evaluation to confirm the capability of the model for estimating leachate generation. The results indicate that the model performs well when the parameters are adjusted to appropriate values.
(2) Sensitivity of the utilization of average monthly sunshine hours in the calculation of potential evaporation
As explained in Section 2, the daily sunshine hours is a necessary parameter for calculating daily potential evaporation by the Penman method. However, these daily data were not available for most of the meteorological stations. Therefore, the monthly sunshine hours was divided by the number of days of the month (i.e., for each month, the average daily sunshine hours was calculated) and the calculated average daily sunshine hours for each month was used in the calculation. Figure 4 shows the results calculated using climate data for PHOENIX HARBOR INTL AP, for which data for daily sunshine hours from 1987-1991 were available. The black line indicates the potential evaporation calculated from the original daily sunshine hours. The red line shows the potential evaporation calculated from the average daily sunshine hours calculated from the monthly data plotted by shifting by 20 days because the two lines almost overlap, and referring to the upper horizontal axis for the date. The values of potential evaporation calculated from both types of data almost coincide. The values of potential evaporation for four meteorological stations calculated using both datasets are shown in Figure 5 . The horizontal axis represents the cumulative amount of potential evaporation during the period in which daily sunshine hours were recorded at each station. This period differs among stations so that the cumulative potential evaporation varies by station. However, the values of cumulative potential evaporation calculated from both datasets were almost identical for each station, and their maximum error was 0.5%. Therefore, we concluded that the daily sunshine hours averaged from monthly data can be used in place of the daily sunshine hours to calculate the potential evaporation.
(3) Prediction of leachate generation for locations in dry climate regions
Time series of leachate generation from 2000-2013 were calculated for all climate data (18 stations). The results for four locations in Iran representative of the four arid climate classes, BWh, BSh, BWk, and BSk, are shown in Figure 6 as an example. The quantities of input water (precipitation and water derived from landfilled waste) are indicated in the upper part of each panel. As explained above in the calculation conditions, the operation period during which MSW was disposed of into the landfill was assumed to be 2 years. This short operation period is the result of the assumption of a relatively small landfill size. During this period, a constant amount of water comes into the landfill. Precipitation data was derived from actual daily precipitation data. The quantities of output water (leachate and evaporation) are indicated in the lower part of As shown in each panel, leachate is generated only during the period when waste is disposed of, after which no further leachate is generated. This trend is displayed by all four arid climate classes. This is because evaporation far exceeds precipitation in these locations, and the annual water budget is always negative. Excessive water that forms leachate exists only during the period of waste disposal. The quantity of evaporation fluctuates by season. However, evaporation gradually decreases due to the decrease in water inside the landfill. Figure 7 shows the change in the amount of water inside the landfill. The location and climate class in the calculation are the same as in Figure 6 . As the figure shows, the quantity of water increases linearly with time because the water-holding capacity increases as the quantity of waste disposed of in the landfill increases. Water-holding capacity reaches its maximum value when the waste disposal operation is completed, after which the water inside the landfill gradually decreases even though no leachate is generated. Most water loss is caused by evaporation. However, the slope of the decreasing curve gradually decreases and converges to an almost constant value. Obviously, the amount of water differs according to the climate. In some locations, such as (a) BANDAR ABBAS and (b) SHIRAZ, the amount of water inside the landfill fluctuates considerably and shows a temporary increase. However, the increase is very low compared to the water-holding capacity of the waste, so that no leachate is generated. From these results, it can be concluded that the waste inside landfills in arid climates will be slowly drying out. However, the time period required for the waste to completely dry out appears to be quite long.
(4) Results of the questionnaire surveys
Although 101 questionnaires were sent out, we unfortunately received only 7 responses. All seven landfills were located in arid climates, and all were in active operation, thus none of the landfills was in a post-closure phase. Five landfills answered that leachate generation was identified, and two of these answered that leachate was generated "only" during the operational phase, during which MSW was disposed of into the landfill. The two landfills in the state of Nevada responded that no leachate was generated even in the operational phase because of the extreme aridity of the region, and it would be absorbed into the soil of the backfill even if it were 
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generated. In most of the landfills where leachate was generated, it was managed by evaporation at the landfill surface by re-circulation. In regards to the drying trend of the landfilled waste, six of the seven landfills answered that the waste tended to dry. Based on these answers, the results of the questionnaires can be summarized as shown in Table 8 . As shown in the table, in general, leachate is generated from landfill waste in arid climates in the active operational phase. The conditions after closure could not be determined because all landfills that responded were in the active operational phase. However, two landfills answered that leachate was generated "only" in the operational phase. These answers imply that leachate is not generated in post-closure phase. Furthermore, the waste in landfills is thought to be in a state of drying out under arid climate conditions because six of the seven landfills answered that this was the case. These results are in fair agreement with the results of the model calculation.
5) Prediction of the leachate generation and its period on the large scale landfill
Calculated results described above indicated that the leachate is generated even in an arid region mainly due to the moisture originated from the landfilled waste. And it also showed that its generation occurred during operation period. A roughly similar trend was confirmed by the questionnaire survey. However, the landfill subjected to the calculation was relatively small and the operation period was only two years. If the landfill scale is much bigger and operation period becomes long, the generation of leachate has the possibility of being prolonged. Thus, the calculation on the bigger landfill with a long operation period was executed. The size of landfill was assumed to be 400m in length, 480m in width, and 15m in depth, and capacity was assumed to be approximately 3 Mm 3 . The size of landfill is five times compared with the landfill previously subjected to the calculation and its operation period becomes 10 years. In order to express that a longer operation period results in the prolonged leachate generation, a bigger landfill capacity was set as much as possible under the condition that operation period is within the period of meteorological data obtained (i.e. less than 14 years). Meteorological data of Mashhad was applied, and each parameter of the landfill was the same as the previous calculations. Figure 8 shows the result. As can be seen in left panel, leachate is generated within the operation phase. After the filling operation ends, the leachate b) Two landfills responded that leachate is generated only in the operational phase, despite their being currently in the operational phase. 
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isn't generated. Besides, similar tendency to the results of small scale landfill can be found from the right panel. Namely, moisture inside landfill increased gradually in operation phase but it begins to decrease after ten years due to excess evaporation. Hence, it can be said that the period of leachate generation becomes long at a bigger landfill with a longer operation period. The key findings of this study were that leachate is generated during the active operational phase even if the landfill is located in an arid climate. The leachate is mainly derived from the moisture of the waste. Clearly, if the water content of the waste decreases, the quantity of leachate generation decreases, or it is also possible that no leachate generates even in the operational phase. In this study, we used the actual characteristics of waste observed in Iran (i.e., very high moisture content). Hence, the results can be applied to the conditions in developing countries similar to Iran.
As indicated in the results of large-scale landfill, the period of leachate generation becomes long due to a long operation period. Thus, in such case, influence by leachate is considerable and some countermeasure should be taken. Most likely, the impact of the leachate becomes significant over this prolonged period, although it is dependent on the environmental conditions. The groundwater table is generally very deep in many landfill sites in arid climates. It is unknown whether this very deep groundwater is influenced by the leachate if the landfill is very large and the duration of leachate generation is several decades. Contrary to landfills in wet climates, leachate generation in dry climates does not occur indefinitely. Hence, the impact of the leachate is thought to depend on the quantity and duration of leachate generation. Thus, further study is necessary on the impact on groundwater under dry climate conditions to enable the development of effective strategies for leachate management in such locations.
6) Influence of the porosity and the field capacity on the calculation results
In this study, the values reported by the past research were used as a default value for the porosity and the field capacity. Of course, these values are thought to have a wide range. Thus, how the changes of them influence to the calculation result was examined. The porosity was changed from 0.3 to 0.65, and the field capacity was changed from 0.15 to 0.45. Meteorological data of Mashhad was applied, and the setting of small scale landfill indicated in Figure 2 was used. Figure 9 shows the total amount of leachate, which is generated during the calculation period. When seeing the same field capacity, the total amount of leachate increases by the increase of porosity. This is because the evaporation decreases by the increase of porosity according to equation (4) . Evaporation becomes potential evaporation when moisture content is the same with porosity. So, actual evaporation decreases, if porosity becomes large and the gap between moisture content and porosity widens. On the other hand, the influence of the field capacity is more significant than the porosity. The amount of the leachate generation decreases when the field capacity grows. This is because the moisture held in the landfill increases by the increase of the field capacity and it results in the increase of moisture that contributes to the evaporation. Meanwhile, if the field capacity becomes small, the amount of evaporation decreases due to the decrease of the moisture that is held in the landfill, and the amount of Influence of the setting of porosity and field capacity on the total quantity of leachate generated.. the leachate increases as a result. These results indicate that the setting of the porosity and field capacity influences the total amount of leachate generated in the calculation period. However, the period of leachate generation was not affected much. Figure 10 indicates how the days, of which leachate generation stops under each calculation setting, differ from result obtained by default condition. In the same porosity, when the field capacity increases, the duration of leachate generation becomes shorter. Since moisture held in the landfill is close to the field capacity, if field capacity is large, evaporation increases, and the day when leachate generation stops becomes earlier. However, the difference is insignificant. On the contrary, if the field capacity becomes small, leachate generation continues for approximately one month more compared to the default setting. This is because of the less loss of moisture by evaporation due to the small field capacity. And the period when excessive moisture by the rainfall exceeds the field capacity becomes a little bit long as the result. However, this result shows that the period of the leachate generation doesn't differ much even if the porosity and the field capacity are changed widely.
CONCLUSION
The long-term generation of leachate from landfill waste in arid climates was estimated using the MWBMTLC and actual climate data of four arid climate classes as defined by Köppen-Geiger. The following results were obtained:
1) The modified MWBMTLC, in which moisture derived from the waste and increase in water-holding capacity along with the progress of waste disposal were taken into account, was capable of estimating accurately leachate generation using appropriate parameters.
2) The calculation result of the cumulative potential evaporation using the average monthly sunshine hours instead of the actual daily sunshine hours closely approximated the result obtained using the original daily data.
3) The estimated results of leachate generation for four arid climate classes showed that leachate is generated only during the active operational phase during which waste is disposed. After the operational phase ceased, no leachate was generated. This is because most of the precipitation evaporates under arid climate conditions and the annual water budget is negative. The results also indicate that the waste inside the landfill dries gradually. 4) Our efforts with questionnaire surveys were not very successful. Although only seven responses were received, the answers regarding leachate generation and trend of drying of the waste tended to agree with the results from the model estimations.
However, because the leachate data of real landfill site in arid region was difficult to obtain, virtual landfill were assumed and examined in this research. In principle, the calibration of the parameter and evaluation of the validity of the model must be done for the leachate data of actual landfill site. Therefore, the result obtained by this research only indicates the general tendency of leachate generation from landfill under arid climate.
Besides, in this study, simple water balance model was used. Essentially, more sophisticated simulation in which evaporation, vapor movement, unsaturated water movement, etc. are taken into account should be developed and used for prediction hereafter, because water movement inside landfill is very complex.
